The interphase mass transfer plays a critical role in determining the height of packed column used in absorption process. In a recent experiments 2 , the direct impact of viscosity ( ) on the physical mass transfer coefficient ( ) was observed to be higher in a packed column as compared to the wetted wall column. We offer a plausible mechanism involving the wavy film and eddy enhanced mass transfer in a packed column to explain underlying physics via analytical and numerical studies. The analytically derived mass transfer coefficient matches well with experimental observation in a packed column. The countercurrent flow simulations in a packed column with both uniform and wavy films also confirm this behavior. The predicted shows steep variation with for a wavy film than a uniform film, further confirms the proposed theory. A similar relation (~− 0.38 ) for a wavy film is also observed in theoretical, experimental and numerical studies.
Introduction
Solvent absorption by countercurrent flow in a packed column is a promising technology for mitigating carbon dioxide (CO2) emissions from power plants [3] [4] [5] . The structured packings provides a large surface area for mass transfer while minimizing pressure drop across the column as compared to random packings 6 . Before deploying this technology to industry, its performance and scalability needs to be investigated 7 . Accordingly, hydraulic characteristics and mass transfer between flue gas and liquid a) Electronic mail: zhijie.xu@pnnl.gov solvent phases in the packing system need to be better understood for optimal packing design. It is a challenging problem because of the large number of factors that influence the hydrodynamics and mass transfer behavior, such as solvent properties, surface characteristics, packing design, and liquid loading 8 .
In this view, understanding the local hydrodynamics and mass transfer behavior is important as it reflects the liquid flow pattern within the column that significantly influences the overall mass transfer rate between phases. In this regard, a number of experimental [9] [10] [11] , analytical 12 and numerical studies [12] [13] [14] [15] [16] [17] [18] [19] were conducted to understand the flow hydrodynamics in the packed column. Most of the numerical studies were focused on the multiphase flow simulations using volume of fluid methods that investigates the liquid film thickness and interfacial areas. Further, the interphase mass transfer is a key factor that governs the overall height of the packed column in absorption process.
A number of experimental and theoretical studies have been conducted to explain the mechanism for mass transfer in structured packings. Various theories, including two-film theory 20 , penetration theory 21 , surface renewal theory 22 , and boundary layer theory, are applied to explain the mass transfer in a packed column. Most of the models for physical mass transfer are based on two-film theory, which only considers the molecular diffusion that form each side of the gas-liquid interface 20 . On the other hand, Higbie's penetration theory 21 considers the residence time of a fluid element at the gas-liquid interface. It suggests an elementary idea to account for turbulence in mass transfer phenomena. Subsequently, correlation for the mass transfer coefficient is derived in terms of various dimensionless numbers, such as Reynolds, Schmidt, Froude, or Galileo numbers. Previously, the wetted wall column (WWC) concept was adopted to predict mass transfer based on the assumption of well-defined geometry and precise surface area in the structured packings. However, recent investigations have shown complex flow behavior inside the packed column along with the presence of different flow morphologies. As a result, the mass transfer prediction significantly deviates from the WWC. The mass transfer between phases is dictated by many factors. Surface tension was proposed to have negligible effect on mass transfer in the turbulent wavy film flow 23 . On the other hand, viscosity is one of the critical factors affecting the interphase mass transfer in absorption phenomenon. A large value of solvent viscosity can lead to a significant reduction in the mass transfer coefficient. High solvent viscosity can leads to slow diffusion of gas through the gasliquid interface (indirect effect) and modify the local hydrodynamics by generating a more stabilized liquid film on the packing surface (direct effect). As a result, mass transfer between phases can be significantly reduced.
The effect of viscosity on the mass transfer coefficient has been investigated in detail over the last few decades. Rochelle and his coworkers 2, 11, [24] [25] [26] have performed extensive experimental studies examining the performance evaluation of structure/random packings. The effects of various factors impacting the mass transfer area 11, 25, 26 and mass transfer coefficients between phases 2, 24 also have been systematically investigated. Song et al. 2, 24 have experimentally investigated the physical mass transfer for various packings (Structured, Random and Hybrid) utilized in carbon capture process . The effect of viscosity on the overall mass transfer coefficient has been explained in two parts: 1) direct contribution due to hydrodynamics and 2) indirect impact that accounts for solvent diffusivity. An experimental campaign designed to study these factors could be expensive and time consuming. Conversely, computational fluid dynamic (CFD) simulations may be leveraged in the design process to achieve economic and efficient solutions while providing important insights into the physics. Notably, CFD does not replace the need for measurements, but it may significantly reduce the amount of experimentation requirement and complement it. In addition, CFD steadily has been gaining acceptance for studying the flow characteristics in structured packings over time [27] [28] [29] [30] [31] .
Haroun et al. 32, 33 and Marschall et al. 34 have developed the single fluid formulation for mass transfer between two phases. It is capable of simulating species transfer across interfaces having arbitrary morphology using interface capturing methods, such as the Volume of Fluid (VOF) method. Both approaches utilized Henry's law with a constant coefficient for thermodynamic equilibrium of chemical species to capture the jump of the species concentration across the interface. This approach also is employed [35] [36] [37] [38] for various chemical processes involving mass transfer phenomenon. Nieves-Remacha et al. 36 use this approach to simulate the hydrodynamics and mass transfer phenomenon in advanced-flow reactor technology, an alternative to scale up continuous flow chemistries from micron to millimeter scales. Hu et al. 39 have conducted a VOF simulation similar to the method suggested by Haroun et al. 33 for mass transfer in a falling wavy film. They characterize the CO2 absorption mass transfer in vorticity in the vicinity of the interface and the local CO2 concentration. In the same context, Singh et al. 8, 40 have conducted VOF simulations for film and rivulet flow over an inclined plate for the shape gas-liquid interface and flow morphology. Extensive multiphase flow simulations also have been conducted that account for the factors affecting rivulet shape and stability. Note that the shape of the interface significantly affects the mass transfer across it. Sebastia-Saez et al. 41 have investigated physical mass transfer in a countercurrent flow over an inclined plate. Mass transfer due to physical absorption shows non-monotonic variation with increased liquid load. The maximum value of mass transfer is observed at the fully wetted film. Recently, Wang et al. 37, 38 have applied a similar approach for physical and reactive mass transfer for CO2 capture in a WWC, where they show the advantage of CFD modeling over the standard two-film theory. In addition, CFD modeling can account for the local flow hydrodynamics, such as wavy interface, and variation in film thickness in CO2 capture. Haroun et al. 33 shows that mass transfer between phases strongly depends on the packing design. A sheet of triangular channel shows higher mass transfer than a flat surface. However, their problem setup was limited to concurrent gasliquid flow.
In a recent experimental study by Song et al. 2 , the direct effect of viscosity on the mass transfer coefficient is shown to be significantly higher than the corresponding one for a WWC. The mass transfer coefficient for a WWC was derived by Pigford 42 and can be expressed as:
where L u is solvent velocity at the inlet, L ν is the kinematic viscosity, g is the gravitational acceleration, L D is the diffusivity of the transport species in the solvent phase, a is the solvent inlet size, and L is the WWC height. This above analytical expression (1) was derived via solving the hydrodynamic equations for laminar film falling over a vertical plate coupled with mass transfer in accordance with the penetration theory 42, 43 . On the other hand, a similar correlation was derived from extensive experimental outcome for the packed columns 2 :
where p a is specific area of the packings presented as 2 /
3 . Equation (2) However, unlike analytical expression for WWC (Eq.(1)) that is corroborated by a rigorous and quantitative theory, the exact mechanism is not fully understood for the packed column, and associated quantitative analysis is still lacking. In this context, an extensive theoretical study with numerical simulations will provide significant insights and quantitative explanations of the physics behind the correlation in Eq. (2), as well as additional insights into the design optimization of a packed column.
In this paper, an analytical derivation for the dependence of mass transfer on viscosity is presented in Section 2. Section 3 briefly describes the formulation for VOF simulations followed by a description of the multiphase flow simulation setup and meshing of computational domain. The simulation results and comparison for the mass transfer coefficient are presented in Section 4 followed by a conclusion.
2.

Mathematical Formulation of the Physical Mass Transfer
We consider a wavy film with rolling waves falling over a vertical flat plate due to gravity with the physical mass transfer of gas species across the gas-liquid interface. Figure 1 shows the schematic of the problem, where rolling waves can be characterized by an amplitude A, wavelength λ, and wave speed 24TR .
As a result, the thickness profile δ( , ) of the wavy film varies vertically in the falling direction. The xaxis is directed downward in the streamwise direction (see Figure 1) , and the y-axis is perpendicular to the plate. The governing (continuity and momentum conservation) equations dictating the falling film are given as:
where u and v are the vertical and horizontal components of the velocity, L ρ is the liquid density, L µ is the dynamic viscosity, g is the gravity and P is the pressure. A parabolic velocity profile in the streamwise direction for u may be established across the film, which is based on the exact solution of a steady and fully developed laminar film flow 
Here, w is the width of film along the direction perpendicular to the x-y plane, and q is the flow rate, 
where ( ) av u x is the average vertical velocity at a location x. Using Eq. (6), the gradient of vertical velocity u in the x direction can be related to the local film thickness δ(x),
The gradient of lateral velocity v along the y direction at the interface can be computed using the continuity equation (3)
where δ 0 is the average film thickness that can be written as
according to the Nusselt theory 45 . Here, Re is the film
where a is the size of the solvent inlet, L u is the solvent velocity at inlet, and L ν is the kinematic viscosity of the solvent. For a turbulent wavy film flow, transport near a gas-liquid interface is governed by eddies whose length and velocity scales are characterized by bulk turbulence 23, 46 . According to the mixing length model for eddy diffusion 47 , the eddy diffusivity stemming from the local turbulent flow in the direction normal to the vertical plate can be written as:
Here, 1 C is a proportional constant, Δy is the penetration depth of gas species into the solvent during a single wave period Figure 1 ). The penetration depth Δy depends on the wave frequency f and can be related to the diffusivity of that species in liquid phase ( L D ) and the frequency ( f ) of rolling waves,
Substitution of Eqs. (9) and (13) 
To determine Le D , the thickness gradient x δ ∂ ∂ and the wave frequency f need to be modeled explicitly. We assume that an arbitrary fluid element at the gas-liquid interface follows a random walk motion along the y direction (shown in Figure 1 ) due to the momentum transfer. The velocity of that fluid element over a single period T of the rolling wave can be written as:
where, again, L ν is the kinematic viscosity; λ is the wavelength; u w is the wave speed; and w f u λ = is the wave frequency. Concurrently, the same fluid element also will experience downward motion along the x direction because of the gravity and vertical velocity gained during the same period T can be written as:
The gradient of film thickness along the x direction ( x δ ∂ ∂ ) can be approximated using the wave amplitude A and wavelength λ as:
A and λ can be related to the distance that the fluid element travels in vertical and lateral directions in a single rolling wave period T. These two quantities should be proportional to the speed in both directions and can be written as: incorporates the effect of surface tension:
where σ is the surface tension. In Figure 2 , we plot the variation of the computed value of A/λ with / at three given Reynolds numbers with the Kapitza number varying between 400 and 4000. It can be observed that the variation of A/λ with / remains unchanged for all Reynolds and Kapitza numbers studied. Furthermore, it clearly shows the linear scaling relation as / = 2 / with 2 = 0.67. The numerical solutions ( 1 ) are in good agreement with our projection (Eq. (18)) and confirm that the ratio between wave amplitude and wavelength is proportional to the ratio of two velocity components gained during a single wave period T.
Next, the ratio A/λ can be plotted as a function of Reynolds and Kapitza numbers using the same
Here, C 3 is another dimensionless constant. In Figure 3 (a), we present the variation of A/λ with Reynolds number Re. As expected, A/λ increases with an increased value of Re. Conversely, A/λ decreases with an increased value of Ka, which is shown in Figure 3 Finally, we can write these relations together as:
Substituting Eq. (21) into Eq. (14), the final expression for the eddy diffusivity for wavy film flow with rolling waves can be presented as:
( 1) 3 /3
1.44 Re 1.15
The original expression for WWC (Eq. (1) Substituting the value of exponents of m and n into Eq. (22), the eddy diffusivity can be related to the Reynolds number (Re) and Kapitza number (Ka)
and the corresponding mass transfer coefficient ( Le k ) can be expressed as: 
The preceding expression for effective mass transfer coefficient is based on the coupling of hydrodynamic equations and eddy diffusion. It can be quantitatively compared to the correlation derived from extensive experiments for a packed column (Eq. (2), repeated here for convenience),
It is clear that the mass transfer coefficient for wavy film has significantly higher dependence on both the solvent flow rate and viscosity compared to the uniform film flow in a WWC (Eq. (1)). This dependence matches well with the correlation (Eq. (26) 
Here, Sc= L L D ν is the Schmidt number, and 3 2 Ga= L gL ν is the Galileo number. In the case of a WWC, the normalized mass transfer coefficient can be obtained by substituting the value as = 1, = −1, and = 0 in Eq. (27):
Therefore, enhancement in the mass transfer for a wavy film can be expressed as:
( )
A greater enhancement in the mass transfer can be expected for a large Reynolds number and small Kapitza number because > 0 and > 0 for a wavy film flow with rolling waves.
Numerical Modeling
Mathematical formulation and numerical Scheme
Multiphase flow simulations for mass transfer of a WWC and zigzag column (ZZC) are performed using the VOF method 48 to verify the analytical derivation of the physical mass transfer in the previous section. Physical mass transfer across the interface is modeled by a gas dissolution model based on the Rayleigh-Plesset equation available in Star-CCM + . This method is fully explained in the Star-CCM + User
Guide 49 with only a brief outline provided here. The governing equations for flow are as follows:
where p is pressure and g is the gravitational acceleration. The surface tension force, F, which produces a jump in the normal across the interface, is expressed as a singular body force. The terms and are the phase average density and viscosity, respectively. The surface tension force (F) appears at the gas-liquid interface and is implemented through the continuous surface force (CSF) model 50 :
where is the interfacial tension, is the local curvature of the interface, is the volume fraction of the liquid phase, and ∇ can be related to the normal vector that is perpendicular to the interface. The curvature is computed by the divergence of the unit normal n α α = ∇ ∇ at the interface,
The interface between the phases is captured by solving an additional transport equation (34) , where the value of α is between 0 to 1,
Equation (34) is solved only for the liquid phase, and the volume fraction of the other phase is computed as (1-α).
The transient flow simulations are conducted using the implicit scheme in a commercial CFD code Star-CCM + 49 . In the implicit scheme, specified number time step involves multiple inner iterations to converge the solution. The integration scheme marches inner iterations using pseudo-time steps according to specified value of the Courant number (CO) for stable and converged simulations. The segregated solver was used that solves each of the momentum equations in turn, one for each dimension.
The coupling between the momentum and continuity equations is achieved with a predictor-corrector approach based on the Rhie and Chow interpolation scheme in conjunction with SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) algorithm 51 for pressure-velocity coupling. The second-order upwind scheme is used in the spatial discretization of all equations. An implicit solution scheme is used in conjunction with an algebraic multigrid method (AMG) for accelerating convergence of the solver.
Problem setup and grid independency test
We have investigated the influence of solvent viscosity on the mass transfer for both wavy film and uniform film flows in a WWC and a ZZC. The wavy film having rolling waves is introduced via harmonically excited periodic actuations at the solvent inlet. The geometry of WWC is considered from our previous studies 37, 38 . The ZZC is selected for its two-dimensional (2D) representation of structured packed columns. A similar approach also has been considered earlier for 2D representation of the structured packed column for investigating the hydrodynamics of countercurrent flow 29, 30 . Figure 5 depicts the schematic of the WWC and ZZC column designs and their dimensions. Both columns are placed vertically and gravity acts in a downward direction. Dimension (height and width) of the WWC and ZZC geometries are kept the same to compare the mass transfer coefficient for both cases. The inlet and outlet of the gas and liquid phases have 1 mm widths. This inlet and outlet size is selected based on a previous WWC study 38 .
The computational flow domain is developed and meshed in StarCCM + . To accurately and efficiently capture the physical mass transfer phenomenon between phases, the domain is discretized using very fine mesh. The mesh density proximate to the left wall where liquid falls appears finer than in the adjacent region for the surrounding gas. A more refined mesh also is required in the inflexion region near the zigzag channel apex to capture the flow behavior (see the exploded view of dark region of the mesh domain in Figure 5 (c)). A resolution sensitivity study was also conducted to determine a reasonable mesh while maintaining grid independent predictions. Only the grid across the width of the inlet and left Table 1 ). For numerical simulation of diffusive mass transfer, grid size near the interfacial region needs to be lower than the mass diffusion length scale (�4 ). The exposure time (t) was calculated from the interfacial velocity (maximum velocity) and height of the column. The grid size near the film region corresponds to 60GP was 16 which is lower than the minimum diffusion length scale (27 ) . Therefore, the grid size was assumed to Table 2 . 
Results and Discussion
Analytical and numerical studies have been conducted for the mass transfer via physical absorption in a countercurrent gas-liquid flow. To explain its impact on the mass transfer coefficient, the flow simulations have been conducted for a range of solvent viscosity (1-10 cP) for uniform and harmonically excited oscillating periodic inlet flow. In the simulations, we only consider the direct effect of solvent viscosity that affects the hydrodynamics. The indirect impact of viscosity on the mass transfer coefficient via viscosity-dependent diffusivity is not included, which involves the relations between diffusivity and viscosity of the solvents. The simulated results are presented in terms of dimensionless numbers: Reynolds, Kapitza, Schmidt, and Galileo numbers. These numbers already are defined in the previous section.
Comparison with experiment for hydrodynamics of wavy film flow
The present study involves a complex problem of the physical mass transfer via absorption in wavy film flow in a packed column. Accordingly, preliminary simulations were conducted for validation against experimental studies for wavy film flow 19, 52 and physical mass transfer in wetted wall column 38 .
The CFD simulations are first compared with those from experiment and DNS studies by Denner et al 19 to
validate the flow prediction for studying wavy film falling over inclined plate. The same method has already been quantitatively validated for studying film flown down an inclined flat plate in our previous studies 8 . Specifically, simulations results for wetted area and film thickness were compared against experiment measurements of Hoffmann et al. 53 and predictions from Nusselt theory 45 , respectively 8 .
Subsequently validation for wavy film flow, the experimental work by Denner et al 19 and amplitude A=10% from the mean) is specified at the inlet of the flow domain. Top and outlet of the flow domain was specified as pressure outlet boundary with zero gauge pressure. The bottom, i.e. plate was specified as no slip wall with 10° contact angle. A semi-parabolic velocity profile (35) is specified in the film regime at the inlet whereas remaining portions of inlet was specified as zero velocity.
Here, ℎ and are the film thickness and film velocity computed from Nusselt theory 45 
The air was chosen as gas phase having density of 1.205 kg/m 3 and viscosity of 1.82×10 -5 Pa.s.
Aqueous glycerol solutions at three concentrations (A: 45% by weight, B: 65% by weight and C: 45% by weight) were used in the experiments. The physical properties and liquid flow rates are shown in the Table 3 . Consistent with experiments, film velocity and film thickness and wave speed were measured at the 256 mm downstream from the inlet of flow domain. The CFD-predicted shape of the wave (f = 0.50) was then qualitatively compared with that of the experiment. As shown in Figures 6 (b-d) , the normalized maximum film thickness (ℎ /ℎ ) , .
In particular, the predicted velocity profile excellently matches with DNS for all cases. A slightly discrepancy in the velocity profile is observed at higher Reynolds number (=77). As shown by Charogiannis et al 54 , flow field inside the film strongly depends on the local wave shape that quickly vary in space at higher Re value. Subsequently, a small difference in the measuring location can results in a noticeable change in the velocity profile. Subsequently, a small discrepancy in the velocity profile can be seen at Re=77. Overall, present CFD prediction matches well for film height, wave speed and velocity profile in the liquid film with experiments and DNS studies.
Comparison with experiment for physical mass transfer in wetted wall column
After successful validation of the CFD prediction for wavy film flow, CFD simulations were further validated for physical mass transfer phenomenon. In our previous study of physical mass transfer in the wetted wall column 38, 55 , VOF prediction for physical mass transfer coefficient were found to compare well with the experimental results. To ensure reliability of the present simulation, the predicted results are quality and quantitatively compared with those obtained from experiments. Wang et al 38, 55 conducted experiments to transport of N2O into MEA solvents on a WWC to generate data for WWC validation. Measurements were performed using a custom-built WWC apparatus consisting of a stainlesssteel tube contained within a cylinder. Gas enters the column through three 1/8-inch tubes spaced evenly around the annulus' perimeter. The gas flows upward, contacting a liquid film falling down the outside of the tube, then exits through a ¼-inch tube at the top. Gases are delivered to the column from cylinders via mass flow controllers (MFC). The shift in concentration while the gas is routed through the column then is used to deduce the rate at which the gas is being absorbed by the column. Gas composition of the stream exiting the WWC was analyzed using a quadrupole mass spectrometer sampling at atmospheric pressure. The mass spectrometer provides an analysis of gas composition at four-second intervals.
Because CO2 and N2O both have an atomic mass of 44, N2O is analyzed on the mass spectrometer at mass 30, corresponding to a nitric oxide (NO) splitting peak.
Based on the experimental studies, countercurrent flow simulations were conducted with same parameters in wetted wall column. The input controlled parameters and corresponding value of the experimentally measured physical mass transfer coefficient are presented in the Table 4 . As shown in the Table 4 , the physical mass transfer coefficient was evaluated for a wide range of gas and liquid loads, CO2 loadings and MEA mass fractions in the aqueous solvents. The flow simulations were conducted for a sufficiently long time as to achieve pseudo-steady state for wetted area of the plate and solvent mass flow at the exit. The physical mass transfer coefficient was calculated when flow simulation achieved pseudo-steady state and further compared with corresponding value from the experiment. Figure 8 After successful validation of CFD prediction for hydrodynamics of wavy film flow over an inclined plate and physical mass transfer in wetted wall column, flow simulation were further conducted to investigate the impact of the viscosity on physical mass transfer.
Film thickness
The film thickness is a critical factor that impacts the overall efficiency of the column by wet pressure drop across the column. A thin film facilitates the mass transfer between the gas and liquid phases. In addition, it also dedicates the heat transfer between the solvents and wall. In this context, computation of the film thickness is performed first. The effect of viscosity on the film thickness is presented in terms of Kapitza number, a dimensionless number that depends only on the solvent properties. Figure 9 (a) shows the variation of film thickness with viscosity for a uniform film flow in WWC and ZZC (UWWC and UZZC). As expected, film thickness increases with increased viscosity for both cases. The predicted value of the film thickness ( ) matches well with the corresponding value computed from the Nusselt theory 45 . A slightly discrepancy in the value of film thickness is observed at low viscosity ( ≤ 2 ). This may be due to the triangular shape of the channel that causes little instability in the film flow. The film velocity accelerates at the tip and retards in the trough region to satisfy flow continuity. However, the magnitude of the discrepancy in the film thickness is considered to be negligible. At higher viscosity, both show almost same value. Note that the damping of turbulent eddies within the liquid film near both the liquid and solid surface is governed mainly by viscosity 46 .
Subsequently, smooth and uniform film appears in both cases (UWWC and UZZC).
Next, the film thickness is normalized by the viscous length scale as
shows the variation of * with Kapitza number for a UWWC. Kapitza number (Ka) is a representation of the ratio of the surface tension force to inertia force. The major advantage of the Kapitza number is that it depends only the physical properties, therefore, it has fixed value for a given solvent properties. The
Kapitza number was used for explaining the film thickness and mass transfer for a falling film down an inclined plate. The normalized film thickness increases with an increased Kapitza number. However, absolute value of the film thickness varies the other way, i.e decreases with increased value of Kapitza number. Note that a higher value of Kapitza number corresponds to a lower value of solvent viscosity. It also shows a scaling relation * ~1/4 . Earlier, Singh et al. 8 presented similar scaling for film falling over an inclined plate. Film thickness also has been reported to increase with solvent viscosity 8, 56 , which is consistent with the Nusselt theory 45 . As mentioned earlier, film stability is governed by the competing effects between various forces acting on it. At high viscosity, enhanced viscous forces act against gravity and make the film more stable 27 . As a result, film thickness increases.
As already mentioned, flow simulations have been conducted for the oscillating inlet. Because of the oscillating inlet velocity, a wavy film appears. Wang et al. 38 observe that wavelength ( ) of the wavy film decreases with increased frequency ( ) for OWWCs. The pronounced impact of the frequency is visible at = 60 Hz. Accordingly, f = 60 Hz is chosen in the flow simulations for all viscosities. The wavelengths of the wavy film are computed and compared for both WWCs and ZZCs. The computed value of the wavelength also can be normalized as Figure 10 shows the variation * with Ka. As expected, the normalized wavelength increases with the increased value of Kapitza number for both cases. Note that the lower value of Kapitza number corresponds to higher viscosity. As noted, viscosity stabilizes the film and acts as damping factors for wave. Furthermore, the normalized wavelength * value is almost the same for both case, except slight discrepancy is observed at a higher value of Kapitza number.
Mass transfer coefficient
In this section, we consider the mass transfer from gas to liquid phase due to physical absorption. The 2D simulation using the VOF method of co-current gas-liquid flow in the structure packed column is conducted to compute the interfacial mass transfer 35 . The mass transfer is not directly affected by the recirculation in the liquid side under corrugation cavities. Indeed, the chemical species only penetrate in a very thin concentration layer. Thus, the transfer process is controlled by the diffusion/advection at the film interface.
The methodology for computing the mass transfer coefficient is the same as in Wang et al. 38 and is only briefly presented here. The mass transfer coefficient (kL) for physical transport via absorption is calculated using standard formula
where J is the mass transfer flux (mol/m 2 ·s) at the gas-liquid interface and ∆ is the driving force computed as:
Applying the ideal gas law, ∆ can be written in terms of the concentration of the N2O at the gas inlet and outlet:
where is the ideal gas constant (J/K·mol) and is the temperature in the unit of K. To compare the numerically computed value of the mass transfer coefficient with an analytically calculated one, the unit of the mass transfer is converted to m/s. Figure 11 shows the variation of the mass transfer coefficients with viscosity for uniform inlet velocity (UWWC and UZZC) of = 0.17 / . The UZZC shows higher mass transfer coefficient (especially at small viscosity) when compared to the WWC. This effect is due to the packing geometry and can be explained by the flow field in the packed column in Figure 12 . Note that hydrodynamics plays a critical role in the mass transfer. In Figure 12 (a), the recirculation zone is seen in the gas side for the UZZC. The recirculation zone enhances the convection. On the other hand, recirculation is absent in case of wetted wall column (see Figure 12(b) ). The stream line is parallel to the gas liquid interface. Note that the hydrodynamics significantly impact the mass transfer phenomenon. Previous studies by Haroun et al. 32 also uncovered a similar observation. The mass transfer is found to be higher for a triangular channel as compared to a corresponding one for flat liquid film.
Further, effects of the gas flow rate ( ) on the physical mass transfer coefficient were extensively investigated. Flow simulations were conducted for three solvent viscosities (1cP, 5cP and 10cP) at = 0.17 / , = 1.3 × 10 −9
2 / and different gas velocities. The range of the gas flow rate was considered according to the controlled design condition. Figure 13 shows the variation of physical mass transfer coefficient with gas velocity for three values of solvent viscosity. As expected, the value of physical mass transfer coefficient decreases with increased value of solvent viscosity at all gas flow rates.
On the other hand, the physical mass transfer coefficient slightly increases and then achieves nearly constant values with increased gas velocity. Overall, gas velocity has marginal impact on the mass transfer coefficients. A similar observation was drawn by Aroonwilas et al. 57, 58 and Tan et al 59 . They also observed insignificant effect of gas flow rate on the overall mass transfer coefficient using aqueous 2-amino-2-methyl-1-propanol (AMP) solvent. The mass transfer phenomenon is controlled by the liquid phase resistance; subsequently diffusion of solvent molecules in the liquid phase was restricted. As a result, amount of CO2 absorbed by solvent remains nearly constant regardless the change in gas flow rates. Figure 14 shows the variation of with solvent viscosity for both uniform and wavy film flows in WWC and ZZC. As expected, the mass transfer coefficient decreases with increased solvent viscosity in all four cases. Here, wavy film flow shows steep variation with viscosity for both ZZC and WWC. The difference between for wavy and uniform film is observed to be higher (35% at = 1 ) at lower viscosity. At higher viscosity, the difference in values becomes small (nearly same at = 10 ).
Increased value of solvent viscosity damps the initial actuation in wavy film flow in the flow field. On the other hand, interfacial surface tension and gravitational forces dominate the viscous force at small viscosity. As a result, eddies at the interface occurs and promotes the mass transfer, in addition to higher interfacial area. Effect of the wavy film is found to be more pronounced in WWC than in ZZC. In the ZZC, the maximum difference of between wavy and uniform film was found to be around 20%. In the ZZC, acceleration of the solvent near the crest and subsequent retardation proximate to trough can mitigates the inlet flow actuation.
In Figure 15 (a), we compare the variation of the mass transfer coefficient with viscosity for expression (25) and numerically compute one at a fixed solvent and gas flow rate and wide range of viscosity (~ 1 − 10 ), where C= 0.115 corresponds to wetted wall column. . The value of C might be different for the structured packed column where flow is generally considered to be more chaotic. Both plots match reasonably well, except the analytically derived expression shows slightly steep variation, i.e., higher exponent value (-0.36). In addition, the scaling for with solvent viscosity shows a scaling relation ~− 0.34 for wavy film in the OWWC (see Figure 15(b) ). This is nearly the same as the exponent value -0.36 in Eq. (25), as well as the experimental observation (-0.4 in Eq. (26)) by Song et al. 2, 24 .
Conclusion
Post combustion carbon capture via solvent absorption in a packed column is a promising technology for mitigation of the greenhouse gas emissions. Absorption is carried out through countercurrent gas- 
